Rett syndrome (RTT) is an X-linked neurodevelopmental disorder caused by mutations in the gene encoding methyl CpG binding protein 2 (MeCP2) that occur sporadically in 1:10,000 female births. RTT is characterized by a period of largely normal development followed by regression in language and motor skills at 6-18 months of age. Mecp2 mutant mice recapitulate many of the clinical features of RTT, but the majority of behavioral assessments have been conducted in male Mecp2 hemizygous null mice as offspring of heterozygous dams. Given that RTT patients are predominantly female, we conducted a systematic analysis of developmental milestones, sensory abilities, and motor deficits, following the longitudinal decline of function from early postnatal to adult ages in female Mecp2 heterozygotes of the conventional Bird line (Mecp2 tm1.1bird-/þ ), as compared to their female wildtype littermate controls. Further, we assessed the impact of postnatal maternal environment on developmental milestones and behavioral phenotypes. Cross-fostering to CD1 dams accelerated several developmental milestones independent of genotype, and induced earlier onset of weight gain in adult female Mecp2 tm1.1bird-/þ mice. Cross-fostering improved the sensitivity of a number of motor behaviors that resulted in observable deficits in Mecp2 tm1.1bird-/þ mice at much earlier (6-7 weeks) ages than were previously reported (6-9 months). Our findings indicate that female Mecp2 tm1.1bird-/þ mice recapitulate many of the motor aspects of RTT syndrome earlier than previously appreciated. In addition, rearing conditions may impact the phenotypic severity and improve the ability to detect genotype differences in female Mecp2 mutant mice.
Introduction
Mutations in MECP2 have been associated with several neurodevelopmental syndromes including classic and variant forms of Rett syndrome (RTT) in females and severe neonatal encephalopathy and intellectual disability in males (1) . Cases of classical RTT are characterized by a period of relatively normal early postnatal development for the first 6 to 18 months of life. This is followed by the progressive loss of purposeful hand use and speech along with the development of stereotypical hand movements and gait abnormalities. Additional abnormalities that are observed in the majority of cases include seizures, intellectual disability, gastrointestinal disturbances, low bone density, and decreased muscle tone (1) (2) (3) .
MeCP2-related syndromes are influenced by the type and location of mutation in MECP2, X chromosome inactivation in females, and additional genetic modifying factors (4) (5) (6) . Sporadic † co-senior authors. mutations in MECP2 account for up to 95% of classic Rett syndrome cases (4, 7, 8) . However, even within classic RTT, a range of MECP2 mutations have been associated with varying clinical symptoms and degree of severity (4) (5) (6) . MECP2 is located on the X chromosome and consequently is subject to X chromosome inactivation in females. X chromosome inactivation occurs on a cell-to-cell basis and while random, can show degrees of skewing that alter the ratio of maternal to paternal expression. Most cases of the classic RTT syndrome show random X inactivation patterns, but cases of skewing that impact phenotype severity have also been documented (5, 6, 9) . However, the pattern of inactivation in peripheral lymphocytes does not always explain the clinical discordance between identical mutations nor correlate with disease severity (9) , indicating a role for additional genetic and/or environmental modifiers.
A variety of mouse models have been utilized to examine the role of MeCP2 in brain development and phenotypes relevant to RTT (10, 11, 12) . Genetic manipulations in mice include whole exon deletions (13, 14) , specific DNA binding domain deletions (15) , and a variety of knock-in point and truncation mutations that model human mutations (16) (17) (18) (19) (20) (21) . RTT mouse models share phenotypic development of abnormal breathing, gait abnormalities, tremors, EEG abnormalities, and in some cases cognitive deficits, social abnormalities, and changes in anxiety behaviors (10) . Until recently, the majority of behavioral characterization in RTT mouse models was conducted in males as they show an early-onset phenotype that recapitulates many aspects of RTT. However, the rapid, early progression of symptoms and early death (between 5 and 12 weeks of age) (13, 14) fails to capture the delayed onset of symptoms and the mosaic nature of MECP2 expression that occurs in RTT females. Early work suggested that symptoms were delayed until four to six months of age in heterozygous females on a standard C57BL/6J background (13, 14) . More recent work in female heterozygous mouse models has revealed mixed findings on the earliest age of phenotypes, depending on backgrounds strain and mutation type (11, 15, (22) (23) (24) . Comprehensive assessment of female RTT mouse models is critical for translation of findings to RTT in human females. Consequently, we evaluated a wide range of behavioral measures across development to phenotype Mecp2 tm1.1bird-/þ female mice on a standard C57BL/6J background.
As Mecp2 tm1.1bird-/y males die before reaching sexual maturity, heterozygous females are mated to wildtype males to maintain a colony and obtain RTT model mice. This breeding scheme results in mutant female dams that produce smaller litters and often neglect and cannibalize their offspring (24, 25) . To counteract these problems, researchers have used a variety of different genetic backgrounds including CD1, 129/C57BL6, F1 hybrids of FVB/Nx129S6/SvEv and C57BL/6x129S6/SvEv (11, 14, 24) . While these approaches may improve litter size and genetic robustness, the potential confounding effects of maternal care derived from mutant females and the variations in background strain could impact a number of downstream behavioral and molecular assays ascribed to Mecp2 genotype. Particularly, the early postnatal environment can dramatically shape a broad range of behavioral traits in the offspring including those related to anxiety, maternal care, social interactions and cognition (26) (27) (28) (29) (30) (31) (32) .
Cross-fostering has previously been utilized to both examine and minimize the impact of maternal environment on offspring phenotype (33) (34) (35) (36) (37) . The strain-dependent variation in maternal behavior can alter neuroendocrine (38, 39) and anxiety-related behaviors (39, 40) in wildtype offspring, or modulate the phenotype of serotonin receptor mutant animals (40, 41) . Maternal phenotypes contribute a combination of environmental factors relevant from in utero to weaning that can influence phenotypes of offspring into adulthood. For example, maternal genotype can alter both the prenatal (shown by embryo transfer) and postnatal environment, leading to behavioral alterations in both the infant and adult (5-HT1A or 1B) receptor knockout mice (42, 43) . Oxytocin null male mice show increased aggression behaviors, a phenotype that was more severe for offspring from oxytocin null homozygous than heterozygous dams (44) , suggesting a compounding effect of offspring genotype and maternal environment. Cross-fostering can potentially mitigate a variety of postnatal maternal environmental factors that may be deficient in Mecp2 tm1.1bird-/þ dams including lactation, milk quality, pup retrieval, nursing behavior, or microbiota. However, altering postnatal maternal environment by cross-fostering may produce significant alterations in the behavioral and physiological phenotype of the offspring (45) . In order to rigorously define the phenotypes of Mecp2
) independent of maternal environmental effects, we designed this study to compare Mecp2 mutant mice and their wildtype littermates who were reared by their own Mecp2 mutant mothers, versus Mecp2 mutant mice and their wildtype littermates who were cross-fostered and reared by CD1 foster mothers, on a battery of developmental milestones and behavioral assays. CD1 dams were chosen for their high quality of maternal care (35) , and previous work showing inter and intra strain cross fostering did not alter strain specific differences in maternal care (33, 35 
Results

Cross-fostering does not alter mutant pup survival
To directly investigate the impact of maternal genotype on RTT mouse model phenotypes, we compared Mecp2 tm1.1bird-/þ offspring on a C57BL/6J background that were allowed to remain with their mutant birth mother to offspring that were born to Mecp2 dams but cross-fostered to CD1 dams within 48 h of birth. CD1 mice were chosen as foster mothers based on their increased maternal care and decreased frequency of cannibalization (24) . A total of 113 pups were born from 14 Mecp2 tm1.1bird-/þ dams. Within the first 24 h after birth, while all pups were still with their birth mother, 19 pups were cannibalized including one entire litter. A total of 53 pups from eight litters were successfully cross-fostered to CD1 dams and no additional pups were lost after fostering. For the biological dam raised cohort, a total of 41 pups from five litters were used and three additional pups were cannibalized by PND 6, for a final count of 39 biological dam raised pups for developmental milestone analysis. (Fig. 1) . Measures of physical development were significantly accelerated by cross-fostering, including body weight and body length. The time to first pinnae detachment, eye opening, and fur development also occurred earlier in most of the fostered compared to biological dam raised conditions ( Fig. 1 ). Several measures of sensory development and motor reflex (cliff avoidance, auditory startle, grasping, bar hold, horizontal screen score) also differed between fostered compared to biological dam raised mice within individual genotypes across time points. Together, these results suggest a general acceleration in development in pups reared by CD1 mothers as compared to pups reared by their own Mecp2 dams, independent of genotype.
Fostering also altered the impact of genotype for both males and females on several measures, one of the most pronounced being body weight ( Fig. 2A and B) . By PND 20 in females biological dam raised Mecp2 -/þ mice were significantly smaller than bi-
there was not a significant difference in body weight between fostered Mecp2 -/þ and Mecp2 þ/þ mice (P ¼ 0.091), indicating that the female body weight phenotype may be more sensitive to early life maternal care differences. By PND20 Mecp2 -/y weighed less than Mecp2 þ/y mice for both fostered (P < 0.001) and biological dam raised (P < 0.001) conditions. This indicates fostering was not able to correct the weight loss observed in male mutants. Fostering increased body length, but did not interact with genotype (Supplementary Material, Fig. S1A and B) . Importantly, fostering resulted in a slight delay in the mutants or an acceleration of the wildtypes for the time to first occurrence of a number of physical milestones including the time to first pinnae detachment ( Fig. 2C and D) , eye opening, and incisor eruption (Fig. 1, Supplementary Material, Fig. S1C and D) . Specifically, fostered Mecp2 -/y mice showed a delay in time to pinnae detachment (Figs 1 and 2D ) and fur development compared to fostered Mecp2 þ/y mice (Fig. 1) . For sensory and motor developmental milestones there were no significant genotype effects for either fostering condition in females (Fig. 1 . Statistically significant comparisons are highlighted in white, with *P < 0.05, **P < 0.01, and ***P < 0.001 using the statistical models described for each subsection. NS, not significant. Fostered animals: 15 Mecp2
, and 18 Mecp2 -/y ; Non-fostered animals: 13 Mecp2
Mecp2
-/þ , 11 Mecp2 þ/y , and 6 Mecp2 -/y . different in fostered males until PND 42 ( Fig. 3D ). When directly compared, fostered Mecp2 -/y mice had a significantly longer time to clasping onset than biological dam raised Mecp2 -/y mice (Hazard Ratio ¼ 0.07, P ¼ 0.003). Together, these findings indicate that fostering impacts both the long-term weight gain trajectories of female Mecp2 mutant mice, and moderately delays the onset of at least one neurologic symptom (hind limb clasping) in both sexes.
Fostering improves sensitivity to detect female deficits associated with Mecp2 mutation in the open field exploration test
To test how fostering and genotype interact in an exploratory motor task, we evaluated measures of horizontal, vertical, and total activity performance of female mice in a novel open field ( Fig. 4A -D, Supplementary Material, Table S1 ). For both horizontal activity and center time, fostering moderated the genotype effect such that only fostered Mecp2 þ/þ and Mecp2 -/þ mice significantly differed. These effects were largely independent of any impact of fostering on anxiety-like behavior. Table S1 ), but none of these measures was impacted by fostering. Together, these findings suggest that fostering amplifies the motor and exploration differences between wildtype and mutant female mice independent of anxiety-like behavior, improving the sensitivity to detect genotype differences.
Fostering alters sensitivity to detect motor impairments in female Mecp2 mutants
Previous work in various lines of Mecp2 mutant mice have identified abnormalities in motor function reminiscent of motor impairments observed in girls with Rett Syndrome (12, 22, 49, 50, (52) (53) (54) (55) . To test the hypothesis that fostering may also affect the sensitivity to detect motor deficits in female mutants, we performed four different motor tasks: gait analysis, accelerating rotarod latency to trial end, and balance beam crossing of square beams and round rods. Gait was analyzed using a standard footprint analysis method (56) , and measures of stride length, paw separation, front base and hind base were assessed and compared between conditions (Fig. 5A ). Genotype altered stride length, paw separation, and front base measures ( Table S1 ). Fostering showed a moderate impact on paw separation, a measure of motor coordination. Fostering also increased paw separation in both wildtype and mutant animals relative to biological dam raised animals and increased the differences between such that genotype effects were only observed in fostered animals ( Fig. 5C ). At the time of gait analysis the fostered mutant mice were already significantly heavier than fostered wildtypes and biological dam raised mutants (Fig. 3A) . Consequently, to evaluate the impact of increased body weight on measures of gait analysis bodyweight was added in as a covariate to the analysis (Supplementary Material, Table S1 ). Body weight as a covariate was significant only for the gait analysis measure of paw separation. Further examination did not reveal any direct correlation between an individual animal's body weight and any measure of gait for any genotype or fostering condition (Supplementary Material, Table S2 ). These results suggest that increased body weight may influence but does not fully account for the improved sensitivity for detecting differences in paw separation in fostered Mecp2 -/þ mice.
Motor coordination and learning were further assessed using the accelerating rotarod (three trials per day, averaged, for three consecutive days). There was a main effect of fostering and an interaction between fostering and day of testing but no interaction with genotype (Supplementary Material, Table S1 ), indicating that fostering did impact motor behavior in both genotypes. Overall, Mecp2
-/þ mice showed impairments across time relative to wildtype littermates (Fig. 5D ) as expected based on previous studies (22, 49, 50, (52) (53) (54) (55) . Fostered compared to biological dam raised mice also differed on several of the testing days indicating that fostering can shift motor performance, and Mecp2
biological dam raised mice actually outperformed fostered wildtype mice on day two and three (Benjamini-Hochberg corrected posthocs P ¼ 0.006 and 0.0001, respectively). Body weight (collected the same week as testing) as a covariate was not significant, but did alter the statistical effect of fostering such that the main effect was no longer significant but the interaction between fostering and day reach significance (Supplementary Material, Table S1 ). There was no correlation between body weight for any condition and individual animal performance on any day of testing (Supplementary Material, Table S2 ). As a comparison test of motor coordination we evaluated the time required to transverse a series of square beams and round rods. All animals were tested on a series of three square beams of decreasing diameter (increasing difficulty) and then the next day tested on three rods of decreasing diameter (increasing difficulty). Both fostered and biological dam raised MeCP2 -/þ mice showed longer latencies to cross compared to MeCP2 þ/þ mice for all three beams (all P values < 0.0001) (Fig. 5E ).
Body weight was a significant covariate for this analysis and significantly impacted the main effect of genotype (Supplementary Material, Table S1 ), but was not correlated for any specific condition with latency to cross any of the beams (Supplementary Material, Table S2 ). Together, this indicates body weight in both fostering conditions may contribute on top of motor impairments to the longer latencies in the mutant animals. Significant impairments were also observed in fostered and biological dam -/y males. Grey * denote significant differences between fostered mutants and wildtypes. Black * denote significant differences between biological dam mutants and wildtypes. Grey þ denote significant differences between wildtype fostered and biological dam conditions. Black þ denote significant differences between mutant fostered and biological dam conditions. Fostered animals: 15 Mecp2
þ/y , and 18 Mecp2
-/y ; Non-fostered animals: 13 Mecp2
Mecp2 þ/y , and 6 Mecp2 -/y . Body weight was assessed using linear mixed effects model. Clasping score was analyzed with mixed effects proportional odds logistic regression model and time to first clasping onset was assessed using a mixed effects Cox proportional hazards model.
raised MeCP2 -/þ mice for all three rod diameters (all ps <0.05) (Fig. 5F ). Fostered MeCP2 -/þ mice were slower to cross on rods with diameters of 12 and 9 mm than biological dam raised MeCP2 -/þ mice, but there were no differences between fostered and biological dam raised wildtype mice on any of the rods. To examine the hypothesis that the larger impairment in fostered MeCP2 -/þ mice could be due to their increased body weight, we added body weight (collected on the week of testing) as a covariate to the analysis. Body weight was not a significant covariate and did not impact the three way significant interaction between fostering, genotype and rod (Supplementary Material, Table S2 ). In addition, on an individual animal level, body weight and rod walking latency for each rod did not correlate for any condition (Supplementary Material, Table S2 ). Overall, these findings demonstrate general Mecp2 -/þ female motor impairments, including abnormalities in gait and motor coordination, which are largely independent from body weight changes. In addition, fostering enhanced the sensitivity of at least some of these measures to detect genotype differences.
Social approach is intact in Mecp2 -/þ mice and not altered by fostering
Only one previous study examined sociability in Mecp2 tm1.1bird-/ þ females, identifying moderate but significant impairments in social behavior that depended on background strain (12) . In order to assess sociability in female Mecp2 -/þ mice on a standard C57BL6/J background, we employed our three-chambered social approach task (57) . During the test phase of the task the subject mouse is given a choice between a novel object and a novel, sex-matched 129S1/SvImJ stranger mouse. Both chamber time (time spent in the chamber containing the novel mouse versus time spent in the chamber containing the novel object) and sniff time (time spent sniffing the novel object versus time sniffing the novel mouse) were examined as measures of sociability (57) . This is an all-or-none, yes-or-no assay which determines whether significant sociability is detectable within a genotype or treatment group (57) . Both fostered and biological dam raised Mecp2 þ/þ and Mecp2 -/þ mice displayed significant sociability, spending more time in the chamber with the novel mouse and more time sniffing the novel mouse, as compared to the novel object (Supplementary Material, Fig. S5A and B). To assess any potential motor impairment, during both the habituation and testing phase we examined total entries and distance travelled (Supplementary Material, Fig. S5 ). During the habituation and test sessions, Mecp2 -/þ mice displayed fewer total entries and less distance traveled than Mecp2 þ/þ littermate controls, for both rearing conditions (Supplementary Materials, Fig. S5 , Table  S1 ). Overall the motor impairments observed in this task appear not to impair sociability during the test phase, indicating that Mecp2 -/þ mice show intact sociability despite the onset of motor impairments.
Short-term memory is intact in Mecp2 -/þ mice and not altered by fostering
Previous examinations of spatial memory in Mecp2 mutant females have reported mixed findings depending on mutation type and background strain (12, 24, 49, 52, 55, 58) . The majority of this work used the Morris water maze and fear conditioning cognitive assays, which are sensitive to motor impairments, as they require either strenuous motor activity (swimming) or use outcome measures potentially confounded by lack of movement (freezing). Consequently, we sought to examine cognitive function using novel object recognition and novel object location memory tasks that are non-stressful and require only minimal exploratory movement (59) . Novel object recognition and object location memory engage different brain regions and are thought to tap into distinct memory processes such that deficits in one task can be observed independent of the other (60) (61) (62) ). Consequently, we tested short-term memory for both novel objects and spatial location using the two tasks sequentially in the same cohort of animals as previously described (60) . Deficits have previously been found in a variation of the novel object recognition paradigm in Mecp2 tm1.1Jae/þ at older ages (PND336-420) (52) and in young adult (PND34-36) Mecp2 R168X-/þ (49).
Novel object recognition memory testing consisted of a 10 min training session followed 60 min later by a 5-min test session in which one of the training objects was replaced by a novel object (Supplementary Material, Fig. S6A ). During habituation to the empty arena there were differences between fostered Mecp2 þ/þ and Mecp2 -/þ mice at days 1 and 3. By the end of habituation day 4, all groups showed equivalent movement (Supplementary Materials, Fig. S7B , Table S1 ). There were no differences between conditions for the training phase. During the test phase, mutant mice generally explored less than wildtypes, however no individual posthoc comparisons were significant, indicating that total exploration differences had a minimal im- Object location recognition memory consisted of a 10 min training session followed 60 min later by a 5 min test session in which one of the training objects was moved to a novel location (Supplementary Material, Fig. S7A ). There were no differences in habituation or total exploration during training or testing (Supplementary Material, Fig. S8B-D) . However, during testing, there was a significant preference for the moved object in the cross-fostered Mecp2 
Mecp2
-/þ mice show longer latency to cross round rods of decreasing diameter. Balance beam walking, on a succession square beams of decreasing width (E), followed by a succession of round rods of decreasing diameter (F), were assessed using a mixed model repeated measures ANOVA with beam as the repeated measure and genotype and fostering as factors. Results using body weight as a covariate are shown in Supplementary Material, Table S1 and correlations with body weight are in Supplementary Material, Table S2 . All posthoc tests were Benjamini-Hochberg corrected comparisons: Grey * denote significant differences between fostered mutants and wildtypes, Black * denote significant differences between biological dam mutants and wildtypes, Grey þ denote significant differences between wildtype fostered and biological dam conditions, Black þ denote significant differences between mutant fostered and biological dam conditions. Fostered animals: 15 Mecp2 þ/þ and 11 Mecp2 -/þ ; Non-fostered animals: 13 Mecp2 þ/þ and 9 Mecp2
Discussion
Mecp2 mutant mouse lines are the current leading preclinical model for RTT syndrome. Maintaining a colony of Mecp2 mutant mice requires using heterozygous mutant dams because the male mutants are sterile (13) . Previous reports have indicated poor overall maternal care (24, 25) in Mecp2 mutant females, and even in wildtype mice, reduced expression of MeCP2 in the hypothalamus is correlated with lower levels of maternal behavior (63) . Furthermore, Mecp2 tm1.1bird-/þ females show dramatic failures in learned pup retrieval with higher errors and longer retrieval latencies than their wildtype counterparts (64) . In this study, although we did not directly measure maternal behaviors, we sought to directly compare phenotypes of offspring reared by their biological Mecp2 mutant dams versus offspring cross-fostered to CD1 females, a strain with high reproductive success. This approach permitted us to examine the impact of maternal environment on offspring, the direct effects of Mecp2 genotype isolated from postnatal maternal environmental factors, and any gene by environment interaction between the two. Overall, our findings indicate that cross-fostering can significantly alter the time course of the acquisition of some developmental milestones and a subset of adult phenotypes, predominantly body weight, activity, and motor behaviors. We also demonstrate that cross-fostering improves the sensitivity to detect differences in several behavioral tasks between female Mecp2 mutants and their littermate controls. The maternal postnatal environment is multifaceted and includes potential differences in maternal behaviors, lactation, microbiota, or milk quality, all of which may have distinct impacts on pup development. Strain dependent differences have been observed in nursing type, licking behavior, nest building, pup retrieval and pup contact (36, 65) . Milk composition can also subtlety vary in amino acid composition between different mouse strains (66, 67) and influence offspring growth trajectories (68) . During lactation at least some hormones and growth factors present in breast milk can be absorbed by nursing offspring and transferred into the pup's circulation in biological active forms (69), potentially altering pup development. Crossfostering can also shift the offspring's microbiota towards that of the foster mother compared to the birth mother, an effect that can last into adulthood for the offspring (34) . A limitation of our study is that it was only designed to examine the effects of cross-fostering on Mecp2 mutant mice, not to directly determine which of the multi-faceted components of maternal care were important. Another limitation of our study is that no direct comparison of CD1 and C57BL6/J dams have been made for these distinct maternal factors. Previous work using Mecp2 tm1.1bird-/þ mice on a CD1 background strain found a 30% reduction in cannibalism compared to the standard C57BL6/J background, supporting the robust maternal care of the CD1 strain (24) . Cross-fostering to dams of different mouse strains has previously been shown to alter developmental milestone progression, with the dams that show higher levels of maternal care producing offspring with accelerated development (70) . This is consistent with our results showing that cross-fostering accelerated some physical developmental milestones in both male and female offspring. Milestones that were reached earlier in the cross-fostered offspring included body weight, body length, pinnae detachment, eye opening, incisor eruption, and fur development. Milestones that were unaltered by rearing conditions included negative geotaxis and vertical screen score. Several studies have reported enhanced maternal care early in life can alter brain development and behavior into adulthood (26) (27) (28) (29) (30) (31) (32) 39, 71) . Innate variability of maternal behaviors in rats can alter the stress response system in the offspring for the lifetime of the animal (26, 71, 72) . Cross-fostering at birth can reverse both behavioral (71) and DNA methylation changes (26) related to poor maternal care. In multiple tests in our study, including open field, paw separation in footprint gait analysis, and round rod walking, cross-fostering improved or altered behavior to an extent that allowed differences between genotypes to be more easily detectable. Together, our findings indicate that rearing by Mecp2 -/þ mutant dams may negatively impact wildtype littermates of Mecp2 mutant mice, making true genotype-dependent phenotypic differences more difficult to assess. This is consistent with findings in other neurodevelopmental models in which rearing conditions by mutant dams can negatively impact phenotypic outcomes in the offspring (73 (12, 55) . Measures of light $ dark box exploration at PND42 in Mecp2 tm1.1bird-/þ on two different hybrid backgrounds also reported increased time in the light compartment (12) . We failed to find differences in the light $ dark box exploration in our experiments, indicating this task may be either less sensitive to alterations in anxiety or measure different aspects of anxiety behavior than elevated plus-maze. Differences in open field behavior, a measure of motor function, exploration, and anxiety-like behaviors were found only in fostered Mecp2 tm1.1bird-/þ mice and were partially due to changes in wildtype performance. Deficits detected in the present study using the Mecp2 tm1.1bird-/þ mice are generally consistent with previous findings of a general hypoactivity across MeCP2 mutant models, but occurred at earlier ages in the fostered Mecp2 tm1.1bird-/þ mice than previously reported (12, 22, 53, 54, 58) .
One of the most striking effects of fostering on phenotype occurred for body weight. Changes in body weight in different lines of Mecp2 mutant females depend on both mutation type, background strain and additional factors with heterozygous females reported to show both decreases (22, 49) , increases (12, 16) , and normal body weight across development and into adulthood (12, 15, 23, 24, 50) . Mecp2 tm1.1bird-/y males also show either obesity on a B6129S6F1 background (46) (47) (48) or weight loss on a C57BL/6 (11) or CD1 (23) vs PND 119), suggesting a long-term interaction between the C57BL/6 strain background and maternal environment. Environmental reprograming of the stress response has been linked to early life changes in gene expression and DNA methylation in the hypothalamus (26, 74) and expression of MeCP2 in hypothalamic nuclei appears to regulate body weight and metabolism. Mecp2 tm1.1bird-/y males on a C57BL/6:129/SvJ background become overweight (46-48) with increased amounts of inguinal white adipose tissue, increased circulating leptin levels, but normal food intake (48) . Treatment of Mecp2 tm1.1bird-/y males with a single dose of leptin failed to show the reduction in food intake observed in wildtypes and failed to activate Pomc expression in the hypothalamus. Interestingly, these mice also showed an increase in leptin receptor expression and increased activation of the downstream signaling molecules in the leptin cascade, indicating a failure in the final activation steps in regulating Pomc gene expression (48) . Deletion of Mecp2 specifically in POMC neurons in the hypothalamus of male mice resulted in increased body weight, higher fat composition, higher food intake, and lower utilization of fat as an energy source. These animals also showed increased DNA methylation over the Pomc promoter and decreased Pomc expression in hypothalamus at four months of age (75) . Similarly, male mice with deletion of Mecp2 in Sim1-expressing hypothalamic neurons were obese and showed alterations in aggression, social behaviors and feeding. These animals also showed normal basal metabolic rates and activity levels but increased food consumption and by 42 weeks of age, increased leptin levels and increased Crh and Bdnf expression (76) . While beyond the scope of the current study, our data suggest that fostering may alter hypothalamic function in Mecp2 mutant females by regulating epigenetic mechanisms downstream of leptin signaling. Sociability has not been extensively examined in Mecp2 mutant female mouse models. We found that sociability appears to be intact and not influenced by fostering status in the Mecp2 -/þ mice at the age tested. Previous work with male Mecp2 mice had observed both impairments and enhancements in social behavior, but many of these findings could have been confounded by severe motor impairments (77) (78) (79) . Overall the reduce exploratory activity observed during both phases of this task do not appear to impair social preference during the test phase, indicating intact sociability despite the onset of motor impairments in the mutant females. Previous work with Mecp2 tm1.1bird-/þ mice on both FVB/Nx129S6/SvEv and C57BL/6x129S6/SvEv F1 hybrid backgrounds showed reduced sociability scores at two timepoints in the three chamber social approach test. However, the Mecp2 mutant females on both backgrounds did show significant sociability, as defined in this all-or-none assay as more investigation of the novel mouse than of the novel object, at 12 weeks of age. At the older age (22 weeks), mutants on the FVB background showed a preference while the B6 background did not (12) . Fostering had little impact on sociability in our experiments, consistent with previous observations in the BTBR inbred strain of mice (80) . In comparison to our data, these findings indicate that background strain but not early maternal experience, may be a particularly important factor when evaluating social deficits in Mecp2 mutant mouse models. Cognitive function has been assessed using a number of different learning and memory tasks in several female RTT mouse models. We found that both short-term novel object recognition and object location memory were intact in both fostered and biological dam raised Mecp2 -/þ mice at the age tested. Slight differences in total exploration time and distance traveled during habitation reflect the development of motor impairments, but did not impair the discrimination index on either task. Variations of the novel object recognition paradigm have also been examined in Mecp2 tm1.1Jae/þ and Mecp2 R168X-/þ mice.
In PND336-420 Mecp2 tm1.1Jae/þ females deficits were found in novel object recognition 24 h after two 5 min training sessions (separated by 24 h). These deficits were rescued by reintroduction of Mecp2 using a viral vector, indicating that cognitive impairments in this case were reversible (52) . Similarly, young adult (PND34-36) Mecp2 R168X-/þ mice show intact short-term (60 min) but impaired long-term (24 h) novel object recognition memory (49) . Future work with Mecp2 -/þ mice to test long term (24 h) memory for both novel object recognition and object location memory could further examine cognitive abilities. In our study the majority of Mecp2 -/þ mice under both rearing conditions display significant body weight and motor symptom development by PND 63, indicating that they can successfully be utilized as a preclinical model for RTT syndrome. Cognitive and social behaviors were unaltered by fostering or genotype in the present studies, indicating that these tasks may not serve as robust preclinical endpoints at these younger ages (PND 62-85). For the purposes of therapeutic development, focus may best remain on phenotypic symptoms (such as hind limb clasping and body weight changes) and motor impairments. Similar body weight and hind limb clasping phenotypes develop in Mecp2 -/þ mice on a CD1 background although at later ages than observed here (24) , suggesting that early maternal environment and background strain are both important for future pre-clinical studies. While maintaining Mecp2 mutant mice on a CD1 background has an advantage of not requiring the additional manipulations for cross fostering, behavioral phenotyping is much less common in this strain. Use of the standard C57BL/6J background has several advantages for both behavioral and mechanistic studies including ease of ordering breeding pairs (directly available from Jackson Laboratories), extensively characterized genomic information, and ability to cross to a number of other different mutant lines of animals available on the same background. Fostering Mecp2 -/þ mice increased the differences between Mecp2 -/þ and wildtype controls in a number of tasks (open field activity, paw separation, round rod walking), making identification of deficits easier at a younger age of testing. Since one of the largest impacts of fostering was on the development of excessive weight gain, future work could investigate how early life environment alters metabolism, feeding behavior, and hypothalamic function, all areas implicated in Rett syndrome.
Materials and Methods
Cross fostering (PND 0-2)
Mecp2 heterozygous females (Mecp2
, B6.129P2(C)-Mecp2tm1.1Bird/ J stock number 003890) were maintained on a pure C57BL/6J background by breeding heterozygous females to wildtype C57BL/6J males (Jax strain 000664). For cross-fostering experiments, Mecp2 -/þ females were paired with wildtype C57BL/6J males for 2 weeks. CD1 male and female mice, also maintained on a CD1 background, were also paired over the same time period so that litters would coincide. All males were then removed from the mating cages. For fostered pups, within the first 48 h of birth the entire litter from Mecp2 -/ þ dams were removed from their birth mother and placed with a CD1 dam that had given birth to a litter within the previous 24-48 h. All but two the CD1 offspring were euthanized upon cross fostering and all pups remained with the CD1 dam until weaning at postnatal day (PND) 21. For litters raised by their biological dams, all pups remained with the Mecp2 -/þ dam until weaning at PND 21. Mice were maintained in a conventional temperature controlled vivarium, with ad libitum access to food and water, with the lights on from 7 AM to 7 PM. Behavioral testing was conducted in adjacent testing rooms during the light phase of the circadian cycle. All experiments were conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All procedures were approved by the Institutional Animal Care and Use Committee of the University of California, Davis.
Developmental milestones (PND 6-20)
Developmental milestones (81) (82) (83) were measured on PND 6, 8, 10, 12, 14, 16, 18, and 20 . All measures were conducted by an experimenter blind to genotype. Body weight and body length (nose to anus) were measured using a scale (grams) and ruler (cm). Pinnae detachment, ear detachment, eye opening, incisor eruption, and fur development were each rated on a scale of 0 (not present) to 3 (fully present). Cliff avoidance was tested by placing each pup near the edge of a clipboard, gently nudging it towards the edge, and scoring avoidance on a rating scale from 0 (no edge avoidance) to 3 (complete turning and backing away from the edge). Righting reflex was tested by placing each pup on its back, releasing it, and measuring the time for it to fully flip over onto four paws for two trials on each developmental day. Failures to flip over in the righting test were recorded as a maximum score of 30 s. Grasping reflex was tested by brushing the forepaws with a cotton tipped applicator and rating the grasping reflex from 0 (none) to 3 (strong). Auditory startle was tested using a rating scale from 0 (no response) to 3 (large flinch and turn) in response to a finger snap near the pup's head. Bar holding was tested by placing each pup's front paws on a cotton tipped applicator stick and gently lifting up. Scoring consisted of a rating scale from 0 (immediate fall) to 3 (stay on and climb up). Level screen reflex was tested by placing each pup on a screen, gently pulling the tail, and rating the level of resistance (0 ¼ none to 3¼ strong). Vertical screen reflex was tested by placing each pup on a screen at a 90 angle and rating the pup's ability to remain on the screen from 0 (immediate fall) to 3 (hold on and climb to top). Negative geotaxis was tested by placing each pup, facing downwards, on a screen angled at 45 from parallel, and scored on a scale from 0 (no turning) to 3 (complete turning and climbing to the top of the screen).
Adult behavioral battery
Behaviors were assessed in young adult mice from PND 45 to 94. Mice had free access to food and water and lights were maintained on a 12:12-h light/dark cycle, with all behavioral testing performed during the light portion of the cycle.
Body weight and clasping score (weekly PND Weekly body weights and hind limb clasping were assessed beginning from PND 28. Hind limb clasping was rated on a scale from 0 (no clasping behavior) to 5 (both hind limbs tucked in and abdomen contracted) (21) .
Elevated plus-maze (PND 45-59)
Each mouse was individually placed in the center area of a black Plexiglas automated elevated plus-maze (Med-Associates, St. Albans City, VT), under 300 lux illumination for a 5-min test session (82, 84, 85) . The entries per arm, total entries, and the time spent in each arm were recorded and compared between conditions (83).
Light $ dark exploration (PND 47-61)
The light $ dark exploration task was performed as previously described (82) . Briefly, the automated photocell-equipped apparatus was made of two Plexiglas compartments separated by a partition with a small opening. One compartment was transparent and illuminated by an overhead light (400 lux). The other compartment was made of black Plexiglas and closed on top. Each mouse was placed into the center of the light compartment and allowed to freely explore for 10 min. The number of transitions between light and dark sides and time spent in each compartment were recorded and compared between conditions.
Open field exploration (PND 49-63) Exploratory behavior was assessed in a novel open field as previously described (82) . Each mouse was placed in an automated VersaMax Animal Activity Monitoring System (AccuScan Instruments, Columbus, OH) and allowed to freely explore for 30 min. The number of horizontal and vertical beam breaks was used as a measure of horizontal and vertical activity respectively. Total distance traveled was used as a measure of total activity. Time spent in the center of the chamber compared to along the edges was recorded and compared between conditions.
Gait analysis (PND 52-66)
On the day prior to analysis all animals were habituated to restraint and paint application. On test day each animal was restrained, and the front feet were painted with blue while the back feet were painted with red paint (Sargent Art 22-3350 Washable Paint). The mouse was then allowed to walk down a straight alleyway lined with drawing paper (Strathmore). Colored footprints were analyzed for stride length (distance between successive forelimb and successive hind limb prints), hind-base (distance between the right and left hind prints), front-base (distance between right and left front prints), and paw separation (distance between the forepaw and hind paw placement) (56) . Two to three footprints were analyzed per animal.
Accelerating rotarod (PND 63-71) Animals were given three trials per day with 1 h inter-trial intervals, repeated over three consecutive days (82, 83) . Each trial consisted of placing the animal on the rotarod apparatus (Ugo Basile mouse accelerating rotarod) and starting the rotation at 4 revolutions per minute (rpm). After the mouse was successfully walking, the rotarod was accelerated from 4 to 40 rpm over 5 min (82) . The latency to fall from the rotating beam to the flange on the floor of the apparatus was recorded for each animal. The trial was terminated in cases where the mouse clutched the beam without walking, for five consecutive turns, or a maximum of 300 s had elapsed (82, 83) .
Beam and rod walking (PND 80-94) A beam walking motor task was conducted as previously described (56). 59 cm long square dowels were suspended 68 cm above a cushioned landing pad. A goal box at the end of the beam consisted of a 12cm diameter cylinder to provide motivation to cross the beam. Each mouse was placed at the end of the beam and the time to cross to the goal box on the other end was measured. On the day prior to testing all animals were given four practice trials on the largest diameter square beam in order to become accustom to the procedure (56 Social approach (PND 67-81) Sociability was assessed using the three chambered social approach task as previously described (83, 57, 86) . The testing apparatus consisted of three connected chambers made of white matte Plexiglas, separated by two sliding doors. Prior to testing, the subject mouse was placed in the empty center chamber with the doors closed for 5 min. Doors were then removed to allow free access to all three empty chambers for 10 min. Distance traveled and the number of entries into the two side chambers were automatically scored using EthoVison XT tracking software (Noldus Information Technology Inc. Leesburg, VA). The mouse was then confined to the center chamber and a novel female 129Sv/ImJ mouse was placed in an inverted wire pencil cup in one chamber. An empty inverted wire pencil cup was simultaneously placed in the other chamber, to serve as the novel object. The partition doors were opened and the subject mouse was given free access to all three chambers for 10 min. Time spent in the chamber containing the novel mouse versus time spent in the chamber containing the novel object was automatically recorded by the EthoVision tracking system. Time spent sniffing the novel mouse and time spent sniffing the novel object were similarly automatically collected. The number of entries into each chamber, the total distance traveled were simultaneously scored using EithoVision XT (83, 57, 87) . The sensitivity of this yes-or-no binary assay, originally developed by the Crawley team, is sufficient to determine sociability, defined as more time with the novel mouse than with the novel object within genotype or treatment group. This test is not sufficiently sensitive to compare the time spent with the novel mouse across genotypes or treatments. Ratio and index measures are not appropriate for this assay, which usually is directly influenced by exploratory activity levels that introduce artifacts in interpreting social scores.
Short-term memory novel object recognition and object location recognition (PND 62-76 and 70-85 respectively) Novel object recognition testing was performed as described previously (59, 60) . Briefly, all animals were handled for 2 min per day by the experimenter for three days. All animals were then habituated to the empty training arena for 10 min per day for four days. For the training session each animal was placed into the arena with two identical objects for 10 min. A 5 min testing session occurred 60 min after training. For Novel Object Recognition testing, one of the training objects was replaced with a novel object. For Object Location Recognition testing, one of the training objects was placed in a novel location. Time spent exploring each object was scored by an experimenter blind to all conditions. A discrimination index was calculated as follows: (time exploring the novel object -time exploring familiar object)/total object exploration time *100. Animals exploring less than 3 s total for both objects during training or testing were excluded from further analysis (88) .
Statistical Analyses
For assessment of the developmental milestone data, continuous outcomes were analyzed using linear mixed effects models, including fixed effects for genotype, fostering, time, all two-and three-way interactions among these factors, litter size, and random intercepts for mouse and litter. Pinna detachment, eye opening, incisor eruption, and fur development were analyzed using mixed effects Cox proportional hazards models of the time to full development; these models included fixed effects for genotype, fostering, the genotype-fostering interaction, and litter size and a random slope for litter. Incisor development was only analyzed in fostered mice, as no biological dam raised mouse of any genotype developed full incisors by 20 days. Other ordered categorical outcomes were analyzed using mixed effects proportional odds logistic regression models, including fixed effects for genotype, fostering, time, all two-way interactions among these factors, litter size, and random intercepts for mouse and litter. For level screen scores, only days 8 through 14 were analyzed, as there was insufficient variability in scores at other time points for modeling. Survival of cross-fostered and biological dam raised Mecp2 þ/y and Mecp2 -/y males was estimated for each genotype-fostering combination using the Kaplan-Meier method. Differences in the hazard of death between different genotypes and fostering conditions were modeled with a Cox proportional hazards model, with parameters estimated via Firth's penalized maximum likelihood (89), due to the absence of any deaths in the Mecp2 þ/y group. The model included the effects for genotype, fostering status, the interaction between genotype and fostering status, and a gamma frailty parameter for litter. The analysis was conducted using R, version 3.3.1 (90) , with Firth penalized maximum likelihood estimation using the R package coxphf, version 1.11 (91) . Post-weaning weight was analyzed using a linear mixed effects model, including fixed effects for genotype, fostering, time, all two-and three-way interactions among these factors, litter size, and random intercepts for mouse and litter. Clasping score was analyzed using a mixed effects proportional odds logistic regression model, including fixed effects for genotype, fostering, time, all two-way interactions among these factors, litter size, and random intercepts for mouse and litter. Time to first observation of clasping behavior in mutant mice was modeled using a mixed effects Cox proportional hazards models of the time to full development; this model included fixed effects for fostering and litter size and a random intercept for litter.
All other analyses included parametric independent, twotailed t-tests or ANOVA models with either Tukey's or Benjamini-Hochberg corrected multiple posthoc tests. Repeated measure tasks were accessed using a mixed model repeated measures ANOVA with a repeated measures and genotype and fostering as factors. Additional comparisons between motor performance and body weight were performed by adding body weight (collected from the week of task performance) as a covariate to the statistical model. Pearson's correlations between body weight and task performance for each condition (foster x genotype) were also examined using Benjamini-Hochberg corrected P-values for multiple comparisons. All analyses were conducted using R, version 3.3.1 (90) or prism version 7. Linear mixed effects modeling was conducted using the R package lme4, version 1.1-12 (92), mixed effects Cox proportional hazards modeling was conducted using the R package coxme, version 2.2-5 (93), and mixed effects proportional odds logistic regression modeling was conducted using the R packages ordinal, version 2015.6-28 (94) .
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